Synthesis of nano-BaWO 4 by a modified combustion technique and its suitability for various applications are reported. The structure and phase purity of the sample analyzed by X-ray diffraction, Fourier transform Raman, and infrared spectroscopy show that the sample is phase pure with tetragonal structure. The particle size from the transmission electron microscopy is 22 nm. The basic optical properties and optical constants of the nano BaWO 4 are studied using UV-visible absorption spectroscopy which showed that the material is a wide band gap semiconductor with band gap of 4.1 eV. The sample shows poor transmittance in ultraviolet region while maximum in visible-near infrared regions. The photoluminescence spectra show intense emission in blue region. The sample is sintered at low temperature of 810 ∘ C, without any sintering aid. Surface morphology of the sample is analyzed by scanning electron microscopy. The dielectric constant and loss factor measured at 5 MHz are 9 and 1.56 × 10 −3 . The temperature coefficient of dielectric constant is −22 ppm/ ∘ C. The experimental results obtained in the present work claim the potential use of nano BaWO 4 as UV filters, transparent films for window layers on solar cells, antireflection coatings, scintillators, detectors, and for LTCC applications.
Introduction
The ever increasing scientific and technological demand for novel materials with unique properties poses challenges to scientific research. Nanomaterials have caught the interest of researchers because of its exceptional properties which are completely different from its bulk material. Synthesis of advanced functional materials in nanoscale is one of the prime fields of interest.
Generally, AWO 4 (A = Ba, Sr, Ca, Pb) tetragonal scheelitetype crystals of divalent metal ion tungstate have been of immense interest because of their remarkable properties such as luminescence, nonlinear optical activity, photocatalysis, and scintillation [1] [2] [3] [4] [5] [6] [7] . Among them, BaWO 4 is a significant material due to its excellent PL emission and stimulated Raman scattering active crystal. The reasons for blue and green PL emissions of BaWO 4 are discussed in many different aspects ranging from defect centers by interstitial oxygen atoms to structural disorder in the crystal lattice [8] [9] [10] [11] . BaWO 4 also serves as a potential material for designing all solid-state lasers, especially that it has been considered as a unique Raman crystal for a wide variety of pump pulse durations in Raman laser pulses [12] [13] [14] [15] [16] [17] . Its other applications include nuclear spin optical hole burning hosts [6] , radiation detection [1] , scintillating devices [4] , and other electro-optic applications [1] . Since the properties of materials can be tuned by its microstructure, different morphological BaWO 4 such as nanowires, spheres, cylinders, whiskers, penniform BaWO 4 nanostructures, and flower-like structures were prepared [18] [19] [20] [21] [22] [23] and methods like solid-state reaction [24] [25] [26] , hydrothermal-method [9, [27] [28] [29] , Czochralski [30] [31] [32] [33] , high temperature flux crystallization [34] , polymeric precursor chemical route [35] , microwave-assisted synthesis [36, 37] , and micro emulsions-based routes [19, 38] were employed for the synthesis.
However, even though the luminescent behavior of scheelite BaWO 4 remains much investigated, its other optical constants and dielectric applications are not much explored. Hence, in the present work we have specifically concentrated on the studies of the suitability of nano-BaWO 4 powders, synthesized through a single step modified combustion technique, for their various optical as well as electrical applications. In addition, we report the results of structural characterization, photo luminescence, sintering behavior, and dielectric performance. Prime novelty of our study is the sintering of nano-BaWO 4 at a very low temperature of 810 ∘ C for the first time without any sintering aid, which points out its use as a low temperature cofired ceramic (LTCC). We have also investigated detailed optical studies of the compound owing to its tremendous potential for application as UV filters, sensors, and transparent conducting oxide films for solar windows.
Experimental
Even though there are various methods reported for the synthesis of BaWO 4 , many of them need high processing temperatures, long reaction time, postcalcinations, and sophisticated equipments as well. In the following years, the scientific community is in search of the development of easy, economical, and nonhazardous preparation techniques with which we can control the size and shape of the particles in order to tune their properties. In this context, a widely used combustion technique is very relevant that it is cost effective and time saving and provides high quality phase pure nanoproduct [39] .
For the preparation of nano-BaWO 4 , we opted a modified combustion process using ammonia and citric acid which were used as fuel and complexing agent, respectively. Aqueous solutions containing Ba and W ions were prepared by dissolving stoichiometric amounts of Ba(NO 3 ) 2 and ammonium paratungstate in double distilled water. Citric acid was then added to the solution as complexing agent. Oxidant to fuel ratio of the system was adjusted by adding concentrated nitric acid and ammonium hydroxide solution and the ratio was kept at unity. The precursor solution of pH ∼7.0 was then heated using a hot plate at ∼250 ∘ C in a ventilated fume hood. The solution boils on heating, and undergoes dehydration accompanied by foam. On persistent heating the foam gets autoignited giving a voluminous fluffy nanopowder of BaWO 4 .
Structure of the as-prepared powder was examined by powder X-ray diffraction (XRD) technique using a Bruker D-8 X-ray diffractometer with nickel filtered Cu radiation. Particulate properties of the combustion product were examined using transmission electron microscopy (TEM, ModelHitachi H-600 Japan) operating at 200 kV. The Infrared (IR) spectra of the samples were recorded in the range 400-4000 cm −1 on a Thermo-Nicolet Avatar 370 Fourier transform infrared (FT-IR) spectrometer using KBr pellet method. The Fourier transform-Raman spectrum of the nanocrystalline BaWO 4 was carried out at room temperature in the wave number range 50-1200 cm −1 using Bruker RFS/100S Spectrometer at a power level of 150 mW and at a resolution of 4 cm −1 . The samples were excited with an Nd:YAG laser lasing at 1064 nm, and the scattered radiations were detected using Ge detector. The photoluminescence (PL) spectra of the samples were measured using FluoroLog-3 Spectrofluorometer. The photons from the source were filtered by an excitation spectrometer. The monochromatic radiation was then allowed to fall on the disc samples, and the resulting radiation was filtered by an emission spectrometer and then fed to a photomultiplier detector. The variation of intensity was recorded as a function of wavelength. The optical measurements of the nanopowder were carried out at room temperature using a Cary 100 BIO UV-VIS spectrophotometer in the wavelength range from 200-700 nm. The sample for the analysis was a 2 mM solution of BaWO 4 prepared by dispersing the nanopowder in ethanol taken in 1 : 20 volume ratio. The same solvent was used as the blank for the analysis in order to calibrate the spectrophotometer.
To study the sinterability of the nanoparticles obtained by the present combustion method, the as-prepared BaWO 4 nanoparticles were mixed with 5% polyvinyl alcohol and pressed in the form of cylindrical pellet of 12 mm diameter and ∼2 mm thickness at a pressure about 350 MPa using a hydraulic press. The sintering temperature pellet was optimized at 810 ∘ C for 3 h after conducting many trials. The surface morphology of the sintered sample was examined using scanning electron microscopy (SEM, Model-JEOL JSM 5610 LV). For low frequency dielectric studies, the pellets were made in the form of a disc capacitor with the specimen as the dielectric medium. Both the flat surfaces of the sintered pellet were polished and then electroded by applying silver paste. The capacitance of the sample was measured using an LCR meter (Hioki-3532-50 LCR HiTester) in the frequency range 100 Hz-5 MHz at different temperatures from 30 to 250 ∘ C.
Results and Discussion
The XRD pattern of the as-prepared BaWO 4 nanopowder is shown in Figure 1 . All the peaks including the minor ones are indexed for a perfect tetragonal scheelite with space group 14 1 /a. This clearly shows that the BaWO 4 phase formation was complete during the combustion process itself without the need for any postcalcinations step. In the case of solid state synthesis of BaWO 4 [23] , the mixture is ball milled for 24 h and calcined at 800 ∘ C in order to obtain the required phase. Thus, modified combustion method offers an economic and time saving technique since the as-prepared powder itself is phase pure without any calcination at high temperature.
The lattice constants calculated from the XRD are = = 5.5609 and = 12.7123Å. The calculated values of lattice constants are consistent with that reported in JCPDS NO 72-0746. The small variations in the values could be due to the quantum size effect of nanoparticles and the rapid formation kinetic energy of BaWO 4 during the combustion process, resulting in a small distortion of the lattice. The crystallite size calculated from full width at half maximum (FWHM) using Scherrer formula is ∼20 nm. Figure 2 shows the TEM image and selected area electron diffraction (SAED) pattern of as-prepared nano-BaWO 4 nanoparticles. The average particle size calculated from the TEM micrograph is 22 nm. The particles in the TEM image are not agglomerated which points to the excellent crystalline nature of the nanopowder. SAED pattern have a number of bright polycrystalline concentric diffraction rings. The rings are diffused and hollow showing that the products are composed of nanocrystals with different orientations. Vibrational spectroscopy is a fine method for investigating the structural details of a compound. In order to understand the degree of structural disorder of the scheelite BaWO 4 nanopowder, FT-Raman and FT-IR spectra of the sample are recorded and are given in Figures 3 and 4 , respectively.
In tetragonal scheelite phase, Ba atoms are surrounded by eight oxygen atoms, and tungsten atoms are surrounded by four oxygen atoms in tetrahedral configuration to form [WO 4 ] 2− . It is reported by Basiev et al. [40] that the primitive cell of the tungstate crystal includes two formula units, and the Raman spectra of scheelite crystals can be divided into two groups, internal and external. The first is called lattice phonon mode which corresponds to the motion of Ba Raman-active phonon modes can be employed to estimate the structural order at a short range of a material. The group theory calculation presents 26 different vibrations for the BaWO 4 , which is represented by [40, 41] 
where all , , and modes are Raman-active in which modes are doubly degenerate, and modes are nondegenerate and the odd modes 4 and 4 can be registered only in FT-IR spectra. The three modes are silent ones, whereas one and modes are acoustic vibrations. Thus, we expect 13 Raman-active modes in BaWO 4 .
All the observed Raman modes are the characteristics of a scheelite tetragonal [9, [40] [41] [42] [37, 42] . The absence of two modes and small discrepancy observed in the Raman-active modes when compared to early reports [37] [38] [39] [40] may be due to the different preparation method, average crystal size, and structural disorder degree in the lattice. The absence of certain modes and activeness of modes at same regions of IR and Raman spectra points to the lowering of symmetry of crystal structure leading to short range distortion of crystal lattice which exactly corroborates with the XRD results.
The UV-Visible absorption, reflectance, and transmission spectra of nano-BaWO 4 are shown in the Figures 5(a), 5(b), and 5(c), respectively. Sample shows maximum absorption in the UV region with a steep absorption edge centered at 254 nm. At the visible region, the sample is nearly 63% transparent while its reflectance is almost 18%. Maximum absorption in the UV region along with uniform transparency in the visible region makes the sample ideal for UV sensors, filters, and screening applications. Also, the property of high transmittance and low reflectance in the visible region makes the material a good candidate for transparent windows in solar cells.
The Wood and Tauc [43] equation was used to estimate the optical band gap of nano-BaWO 4 nanopowder. According to this equation, the optical band gap energy is related with absorbance and photon energy by the following equation:
where is an energy independent constant, is the optical absorption coefficient, ℎ is the Planck constant, ] is the frequency of incident photon, is the optical band gap, and is a constant which characterizes the nature of band transition. = 1/2 and 3/2 corresponds to direct allowed and direct forbidden transitions, and = 2 and 3 corresponds to indirect allowed and indirect forbidden transitions, respectively. The optical band gap can be obtained from the extrapolation of the straight-line portion of the ( ℎ])
1/ versus ℎ] plot to ℎ] = 0. The optical absorption coefficient is determined using the relation
where is the optical transmittance and is the optical path length through the cuvette. The variation of with photon energy is established in Figure 6 . The absorption coefficient shows a maximum in the UV region and falls off to NIR region. It shows a maximum at 4.5 eV around 1.23 cm −1 . The existence of sharp absorption band is an indication of excellent crystalline nature of the nanosample. The calculated optical band gap is also illustrated in Figure 6 . The band gap of the sample is found to be 4.1 ev, which is exactly matching with the value reported by Cavalcante et al. [9] , Anicete-Santos et al. [42] , and Tyagi et al. [44] for BaWO 4 . The present obtained value is lower than that reported by Lima et al. [11] which is 5.67 eV. The lowering of band gap can be due to several factors such as changes in local atomic structure, lowering of symmetry of lattice, electro negativity of transition metal ions, connectivity of the polyhedrons, deviation in the O-X-O bonds, oxygen vacancies, distortion of the [XO 4 ] 2− tetrahedrons, and intrinsic surface states [45] [46] [47] . From the Raman spectra, it is confirmed that the sample possess certain degree of structural disorder which would have resulted in the formation of intermediate energy levels between the valance and conduction band. As the band gap is the energy difference between valance and conduction band, the presence of these intermediate levels resulted in the reduction of optical band gap energy. AS BaWO 4 prepared by the present method possess wide band gap along with good transmittance in the visible region is suitable for transparent conducting oxide films for window layers on solar cells.
The complex refractive index ( = + ) and dielectric function ( = 1 + 2 ) also characterize the optical properties of any solid material. The normal incidence reflectivity can be given by [48] 
where is extinction coefficient and is the refractive index of the sample. The extinction coefficient indicates the amount of absorption loss when the electromagnetic wave was propagated through the material and can be calculated using the relation [49] = 4 .
The variation of and with photon energy observed for the samples is demonstrated in Figure 7 . The refractive index and extinction coefficient increase with increasing frequency. The variation of and values shows that some interactions took place between photons and electrons in the frequency range studied. It is found that the maximum values of and from the graph are at 2.8 and 3.2 × 10 −6 , respectively, which occur at the same photon energy 4.75 eV. The peak values of and observed in the UV region indicate that the material can be considered as a good inorganic UV absorber. As BaWO 4 has a high refractive index ( > 1.8), it causes a large proportion of photons to be trapped by total internal reflections which is the reason for its use as scintillators and as detectors in CRESST for dark matter research [50] .
The fundamental electron excitation spectrum of the nanopowder has been described by means of frequency dependence of the complex electronic dielectric constant. The complex dielectric constant is an intrinsic and fundamental property of a material. The real part of the term is associated with how much it will slow down the speed of light in the material, and the imaginary part of the term shows how the dielectric absorbs energy from the electric field due to dipole motion. The real and imaginary parts of the dielectric constant were determined using the relation [51]
where 1 and 2 are the real and imaginary parts of the dielectric constant, respectively, and are given by
The dependence of 1 and 2 on photon energy is illustrated in Figure 8 . Both 1 and 2 increase with photon energy and show maximum peaks around 9.25 and 1.28 × 10 −5 , respectively, at 4.5 eV.
A material is optically conductive when it shows conductivity on exposure to electromagnetic radiation. The optical conductivity of the sample is determined using the relation
where is the velocity of light. Figure 9 demonstrates the variation of optical conductivity with incident photon energy. It is seen from the figure that the optical conductivity increases with increasing energy. The reason for the increase in optical conductivity is due to the fact that the electrons are excited by photon energy and possess more kinectic energy than that in its ground state. Optical conductivity shows a value of 6.9 × 10 9 Sm −1 at 4.5 eV and a minimum value of 2.72 × 10 9 Sm −1 at 1.5 eV. The high value of optical conductivity in the visible region indicates that nano-BaWO 4 could be ideal for the fabrication of solar cell panels.
The scheelite tungstate compounds are well known for their luminescence activity. The PL emission spectra of asprepared BaWO 4 nanopowder is shown in Figure 10(a) . The sample exhibited a broad blue emission peak as expected and a medium intense peak in the green region of the visible spectra. There are several reports which explain the mechanisms responsible by the PL emission in scheelite tungstates. The luminescent properties of BaWO the second one is due to the structural distortions in the crystal lattice. The tungsten cation ideally tends to bond with four oxygen ions (WO 4 ), and the barium cation tends ideally to bond with eight oxygen ions (BaO 8 pseudocubic configuration). In the structure, just before the complete ordering at short range, there exist various coordination environments for the W such as WO 3 and WO 4 . The existence of WO 3 and distorted WO 4 clusters in the lattice are able to induce the formation of intermediary energy levels within band gap. These energy levels are composed of oxygen 2p states (near the valence band) and tungsten 5d states (below the conduction band). In this case, the polarization induced by the symmetry break and the existence of these localized energy levels are favorable conditions for the formation of trapped holes and trapped electrons. It is generally accepted that the higher energy blue emission of tungstates with scheelite structure is due to the radiative decay of self-trapped excitons localized at the regular [WO 4 ] 2− complexes, and the low energy green emission is associated with structural defects [9-11, 42, 44, 47] . The presence of defective state levels was also confirmed from the UV-Vis analyses.
In order to reduce the structural disorder, the sample was annealed at 700 ∘ C for 1 hour, and again the PL spectrum was recorded as the fact that highly disordered and highly ordered structures at short range are not favorable to intense PL emission [42] . The emission spectrum of annealed sample is as in Figure 10 be due to the fact that high ordering is achieved by the WO 4 and BaO 8 molecular groups due to annealing.
The sintering behavior of the nanocrystals of BaWO 4 powder synthesized through the present combustion route was studied. The relative green density of the specimen used for the sintering study was 55%. A sintered density of ∼ 95% of the theoretical value was obtained upon sintering the compacted specimen at 810 ∘ C for 3 h. It may be noted that the BaWO 4 powder prepared through solid state method by earlier Yoon et al. [23] obtained a well sintered pellet at higher temperature of 1150 ∘ C. In the present work, the sintering temperature is nearly 340 ∘ C lesser than the early reports, and this optimum sintering temperature is achieved without adding any sintering agents. The reduction of sintering temperatures for the nanomaterials when compared to its conventional micro ceramics is mainly due to its higher surface area than the bulk materials. Since sintering start at the surface, availability of large surface area amount to lowering the corresponding temperatures. Thus, we could sinter BaWO 4 at a lower temperature of 810 ∘ C without any sintering aid, for the first time.
The SEM image of the sintered sample is shown in Figure 11 . The surface morphology of sintered sample shows maximum densification. It is observed from the micrograph that the size of the grains has increased from 500 nm to about 2 m due to sintering, with no cracks and very little porosity.
The dielectric constant and the loss factor tan values of the sintered pellets were studied in the frequency range 100 Hz to 5 MHz at room temperature with silver electrodes on both sides of the circular disc and are given in Figure 12 (a). It can be clearly noted that the loss factor decreases as frequency increases, while the dielectric constant remains almost unaltered in high frequency region. The dielectric constant and loss factor tan values of the BaWO 4 pellets at 5 MHz in room temperature were ∼9 and 1.56 × 10 −3 , respectively. The value of dielectric constant is well agreeing with that reported in the literature [23, 54] .
The variation of and tan at different temperature ranging from ∘ C is shown in Figure 12 (b). It is clear from the graph that the temperature dependence of dielectric constant is very minimal in the measured temperature range. The loss factor further lowers with increase of temperature and is of order 10 −3 at temperature above 100 ∘ C. At 250 ∘ C, the value of is 8.5 and that of tan is 4.5 × 10 −4 . The temperature coefficient of dielectric constant ( ) is determined using the equation given below between temperatures 250 ∘ C and 30 ∘ C at 5 MHz,
where 30 and 250 are the dielectric constants at 30 ∘ C and 250 ∘ C, respectively, and 220 is the temperature difference. The obtained is −22 ppm/ ∘ C. Thus, nano-BaWO 4 possess negative temperature coefficient of dielectric constant.
The significance of the present work is the development of nanostructured scheelite tetragonal BaWO 4 , a potential wide band gap semiconductor and transparent conduction oxide material, for optical applications through a modified combustion method. The powder was sintered at a very low temperature of 810 ∘ C without any sintering aid for the first time to examine its application as LTCC material.
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The accomplishment of this type sintering is that we could get the well densified sample without compromising its properties. Already a few studies on the low temperature sintering of scheelite ceramics using various sintering aid, its dielectric properties, and their suitability as LTCC materials were reported [54] [55] [56] [57] [58] . Zhuang et al. [55] [56] [57] ∘ C and studied its dielectric properties for LTCC application, while the effect of BaWO 4 ceramic filler content on the dielectric properties of the BaWO 4 -poly-tetrafluoroethylene laminates composites for microwave substrate application was investigated by James et al. [58] . Usually, glass and polymer composite materials are used for LTCC applications. But their high values of dielectric loss, thermal mismatch, and high sintering temperature impose restrictions on their effective use as LTCC materials. The doping of sintering aid would result in poor dielectric response such as high loss and low quality factor. BaWO 4 , in this case, possess a very low tan value and low temperature coefficient of dielectric constant. The novelty of our technique is that we could get a glass free as well as dopant free pure ceramic nano material for LTCC applications. The low sintering temperature, dielectric constant, and loss factor make nano structured BaWO 4 prepared by the combustion method confirm its suitability as a promising candidate for its application as LTCC, substrate, and electronic packing materials. The negative temperature coefficient values of this compound also ensure the stability of the dielectric permittivity with temperature when it is used as LTCC material in multilayer circuits.
Conclusions
Nanocrystalline semiconducting BaWO 4 was synthesized through a modified combustion process. The X-ray diffraction studies showed that the nanopowder was single phased with tetragonal structure. The FT-IR and Raman spectral analysis confirm that the as-prepared powder itself is phase pure with a short range distortion. TEM analysis confirms that the nanocrystalline nature of the sample has a mean size of 22 nm. The UV-VIS spectra analysis revealed that the material is a wide band semiconductor of band gap 4.1 eV along with good transmittance in the visible region which makes it suitable for transparent conducting oxide films for window layers on solar cells, warming coatings, solar control, and antireflection coatings. Because of the high refractive index of 2.5, it could be used as scintillators and as detectors in CRESST for dark matter research. The high value of optical conductivity in the visible region indicates that nano-BaWO 4 could be ideal for the fabrication of solar cell panels. The nanocyrstalline BaWO 4 is found to be a photoluminescent material with emissions in blue and green regions. On annealing green emission intensity decreases which is attributed to the perfect ordering of the crystal. These nanocrystals could be sintered at a relatively low temperature of 810 ∘ C to a high density without any sintering aid. The SEM image of the sintered sample indicates that the material achieved high densification. The room temperature dielectric constant ( ) and the loss factor tan of the sintered pellet at 5 MHz were ∼9 and 1.56 × 10 −3 , respectively. The temperature coefficient of dielectric constant is −22 ppm/ ∘ C. The decrease in sintering temperature, low dielectric constant, and low loss factor indicates that nano-BaWO 4 are excellent low temperature cofired ceramics, substrate material, and electronic packing materials.
